In patchy environments, positive feedback mechanisms can contribute to resource aggradation 28 (cf. Rietkerk et al., 2002; Ehrenfeld et al. 2005 ), and we expect this to be the case for the 29
Leymus dunes in Surtsey. Due to the careful monitoring of Surtsey's vegetation, the exact age 30 of each Leymus dune is known, which presents an opportunity to study the effects of 31 cm sieve and visible roots were separated and stored. 23
Biomass samples (roots and shoots) were dried at 105 °C for 3-5 days and weighted for dry 24 mass (DM). The roots were burned and their mass loss after ignition determined to correct for 25 fine thephra sand that could not be cleaned from the roots. The soil samples were weighed 26 after air drying until their DM was stable. They were then sieved through 2 mm, coarse 27 fragments (>2 mm) weighed and their volume measured by water displacement method. All 28 litter and fine roots found in the coarse fragments after sieving were weighed and added to the 29 shoot and root samples, respectively. The fine soil fraction of all samples was ground for two 30 minutes in a ball mill (MM200, Retsch, Haan, Germany) and their total soil organic carbon 31 1 Analyzer (Model Vario MAX CN, Hanau, Germany). Soil samples were then dried at 105 °C 2 for 48 hours and weighed again. 3
Calculations and data analysis 4
Aboveground dune volume was calculated for different depths of the four measured 5 topographical transects, assuming that the shape of each height layer was a trapezoid and the 6 topmost layer conical. The soil volume under the whole dune was also calculated for each 7 depth interval, down to 75 cm depth where bedrock was not shallower. The drip line area of 8 each dune was used as the outer boundary, i.e. not including the soil volume containing 9 extending roots away from the dune's edge. 10
Soil C and N concentrations of each sample were corrected for difference in between air dry 11 DM and DM after drying at 105 °C. Sample bulk density (BD, g cm -3
) was calculated from 12 fine-fraction DM and total sample volume after removal of the coarse-fraction volume. SOC 13 and SON content per unit dune area (g m -2 ) and per measured dune mass (kg dune 
Dune size and volume 2
The surface area, height, aboveground volume and total volume to 30 and 75 cm soil depth of 3 the Leymus dunes grew exponentially with age (Table 1) , for the age-span included in the 4 present study (3-37 years). The soil depth outside the dunes was not significantly different, 5
indicating that the starting conditions were comparable for all the dunes. To give an idea 6 about relative size differences, the 10, 20 and were 17.6 and 14.9 times larger in the 37 year old than in the 3 year old dune, 27 respectively ( Table 1 ). The actual concentrations were, however, always low, or on average 28 0.049% and 0.0037% for SOC and SON, respectively. 29
8
The fraction of SOC of total ecosystem C stock (fSOC) remained low, or between 15-20%, 1 until the dunes exceeded ca. 15 years; then the ratio increased and was 42% in the oldest dune 2 (Fig. 2) . The age-dependent increase in this fraction was significant (P<0.002; R 2 = 0.88) and 3 could be described by a positive linear function: 4
where age is in years. This function shows the first steps of soil development. It was also 6 noteworthy that both root biomass and SOC stocks were relatively stable with depth below 7 the ca. 10 cm surface layer, (Fig. 2 ) and where bedrock was not found at shallower depths. 8
The maximum sampling depth was 75 cm, but Fig. 2 indicates that the Leymus roots went 9 deeper if soil depth allowed. Above-and belowground C stock above 30 cm soil depth was 10 67% (SE ±3.5%) of the total C stock down to 75 cm and this proportion did not change 11 significantly with age of the dunes (P=0.11). 12
Spatial variability within the dunes 13
The average C stocks in aboveground biomass, root biomass or SOC did not vary 14 significantly among locations within dunes ( 
Variables expressed per total dune area or volume 21
The exponential increase in shoot biomass and root and SOC stocks with age, associated with 22 larger surface area and total soil volume were even more apparent at a whole-dune scale ( plant biomass (C P ) and SOC stocks, when expressed at a ln:ln scale (Fig 4c) , showing that the 27 total ecosystem OM increased exponentially with time as more N became available. The 28 linear ln:ln SON:C functions were: 29 
Dune size development 14
The Leymus dunes are formed as eroding volcanic tephra sand is trapped by the vegetated 15 patches. Their growth rate therefore depends both on the intercepting capacity of the Leymus 16 plants and the intensity of the aeolian transport. All the dunes in our study, except the 17 youngest one, were located within relatively small and homogeneous area (Figure 1) , where 18 the aeolian transport can be assumed to be similar. The dune height, surface area and volume 19 increased exponentially with age. This is in contrast with previous studies on Leymus that 20 assumed more-or-less constant growth rates and hence expressed their height increment with 21 a single annual average (Greipsson and Davy, 1996) . 22
As the dunes grew in size with age their total element stocks calculated to the same soil depth 23 outside the dunes increased. The observed increase in average element concentrations (% 24 DM) from the youngest to the oldest dune was 5.6 and 6.2 fold for SON and SOC, 25 respectively, which clearly indicated that it was not simply an increasing size of the dunes 26 which was causing the accumulation. 27 The mean annual accumulation rate of SON within the dunes in our study was 6.6 kg N ha nutrient inputs from birds cannot be ruled out either, but since breeding density on this part of 28 the island is low (Petersen, 2009) , it is probably mostly limited to overflying birds and 29 therefore unlikely to be preferential towards the Leymus dunes. Free-living N-fixing has been 30 found to be absent or extremely low in the tephra sand in the present study area (Henriksson 31 and Henriksson, 1974) , while N-fixing by the cyanobacterium Nostoc, associated with 32 colonising mosses in other more sheltered areas of the island, was found to be substantial 1 (Henriksson et al., 1987) . No symbotic N-fixing was found in Honckenia growing in the study 2 area in the 70s (Henriksson et al., 1974) and only low level of (free-living) N fixation was 3 detected in soils from Leymus dunes (Henriksson and Henriksson, 1978) 
Leymus growth 20
It was noteworthy that neither the Leymus surface cover, shoot density nor aboveground 21 biomass per unit area changed significantly during the 37 years chronosequence, even if dune 22 area grew exponentially with both age and SON stock. The Leymus apparently used the 23 additional resources mainly to add new shoots at the dune's edge. The cover (density) of 24
Leymus is, however, also dependent on the site's N availability, when compared across a 25 wider N-availability range than was done in the present study. On the permanent study plots 26 on tephra sand within the seagull colony on Surtsey, where annual N accumulation was much 27 higher (Leblans et al., 2014), the surface cover of Leymus was almost double, or 34% 28
(Magnusson et al., 2014). 29
Leymus arenarius is a long-lived grass species (Greipsson and Davy, 1994) and there were no 30 indications for any dieback within the oldest dunes, neither aboveground nor belowground. 31
Such dieback may, however, occur when the dunes have reached a certain size (Greipsson and 1 Davy, 1994) . The earliest flowering of Leymus was seen in a nine year old dune, but a five 2 year old dune did not have any flowering stems. This fits well with the development of 3
Leymus after the first successful colonisation on Surtsey, but it produced the first seeds six 4 years after establishment (Fridriksson, 1992) . 5
The root-shoot ratio (R/S ratio) in the centre of the dunes did not show a significant trend with 6 time. The R/S ratio (average 19.1) was relatively high compared to vascular plants of tundra, 7 grasslands and cold deserts that have on the average R/S ratios of 4-5 (Mokany et al, 2006) . Surstey. This is also in good accordance with the observation of Chapin (1993) , who claimed 13 that adaptations for large nutrient acquisition and retention were generally key factors for the 14 success of early colonisers in primary succession. 15
OM accumulation 16
Carbon fixation (net photosynthesis) by the early colonisers, organic matter production, litter 17 fall and the microbial breakdown of litter and humus drive the accumulation of SOM, without 18 which soil will not develop during primary succession (del Moral and Grishin, 1999; Walker 19 and del Moral, 2003) . After the first 5 years, aboveground biomass per unit dune area 20 remained more or less constant and the standing aboveground biomass was similar to that 21 reported in a 39 year chronosequence on previously eroded revegetation areas in Iceland 22 seeded by Leymus arenarius and initially fertilized with about 100 kg N ha -1 (Aradóttir et al., 23 2000) . Root biomass and R/S ratio were, however, much higher in the present study than were 24 reported for the fertilized Leymus treatments. This was partly because in Aradóttir et al. 25 (2000) the sampling depth was limited to 30 cm, but could also be partly caused by difference 26 in fertility as N availability is known to strongly affect R/S ratios in plants (Marschner et al, 27 1996) . SOC stocks of the dunes on Surtsey increased exponentially with age and the fSOC 28 ratio (ratio of SOC to total ecosystem C stock) increased linearly (Eq. 1). Still, after 37 years 29 the SOC stock in the top 30 cm was only ca. 15% of total living biomass (including roots 30 down to 30 cm), but ca. seven times higher than aboveground biomass per unit dune area. In 31 the Aradóttir et al. (2000) chronosequence on the mainland, the SOC ratio to aboveground 32 biomass was much higher after 39 years (ca. 22 times higher). The reasons for this could be 1 much faster root turnover in Leymus on the mainland, which is a known response to 2 fertilization of other ecosystems (Leppälammi-Kujansuu et al., 2014). It can, however, not be 3 ruled out that some SOC remained since before the erosion took place in the mainland 4 chronosequences, which would also translate into similar differences. 5
It should be noted when C stocks were scaled to whole dune level and down to 75 cm depth 6 below the dunes (where depth to bedrock allowed) as in Table 1 and Figure 4 , the fraction of 7 SOC to living biomass changed, since the surface area scaled less than volume. 8
The strong relationships between SON and both biomass and SOC stocks found in the present 9 study, and that those relationships were stronger predictor of OM accumulation than time 10 (age) since colonisation, suggest strongly that N availability plays a major role in the primary 11 succession on the tephra sands on Surtsey. This further supports such indications found for 12 vascular plant cover and species composition in different habitats on the island ( 
Conclusion 21
The history of annually monitoring colonisation, growth and mortality of individual plants on 22 Surtsey since it emergence in 1963 offered a special opportunity to use a chronosequence 23 approach to study how autogenic (internal) factors develop after colonisation of a keystone 24 species in the primary succession. Leymus arenarius, with its high R/S ratios, is probably a 25 key player in N retention and soil development on the tephra sands of the island. The high 26 correlation between SON and OM stocks indicated that the rate of primary succession was 27 more strongly controlled by the amount of available N than time since colonisation per se. 28
The Leymus dunes, where N has been accumulated, will therefore probably act as hot-spots ) and the C/N ratio (C/N) of the dunes that were studied in Surtsey. 10
The outcome of a linear or exponential regression analysis between age (x=years) and each variable; P = ANOVA significance of the 11 regression (ns = >0.05; * = ≤0.05; ** = <0.01; *** =<0.001), R 2 = coefficient of determination, a = intercept of linear or exponential function, 12 b or e = slope or exponent of linear or exponential function, respectively, depending on which function had higher R 
